Noble-metal particles such as Au, Pt, Pd and bimetallic particles have attracted intense attention due to their unique physicochemical properties and crucial roles in a wide range of applications, such as catalysis, electronics, photonics, environmental sciences, biology and medicine[@b1][@b2][@b3][@b4]. Over the past decade, porous Au and Au based alloys were intensively studied as a new class of promising materials[@b5][@b6][@b7][@b8][@b9]. Porous structures not only increase the surface area but also facilitate the mass diffusion, which could enhance the activity of the noble metal, and meanwhile reduce their consumption. Great effort has been devoted to fabricating nanoporous Au[@b10][@b11][@b12][@b13][@b14][@b15][@b16][@b17]. To date, the most widely applied approaches include dealloying, templating and electrochemical synthesis. Dealloying is a selective corrosion and leaching process where the less-stable constituent of an alloy such as Ag in Ag-Au alloys, Cu in Cu-Au alloys, is removed by strong acid or base, remaining a sponge-like nanoporous Au structure[@b10][@b11][@b12]. In templating strategy, hard templates for instance porous diatom frustules and colloidal crystal templates are used for transcriptive synthesis of Au porous structures[@b15][@b16][@b17]. A few steps are required to realize the porous structure transcription, including template preparation, modification, Au deposition, and template removing. To scale up the production of porous Au materials for the highly demanded applications, it is still imperative to develop facile and efficient methods for the synthesis of porous Au and its alloys. In addition, synthesis of Au particles with hierarchical pores is still challenging and attractive for both fundamental research and practical applications.

In this work, for the first time we take advantage of interfacial nanodroplets (NDs) as structure guider to construct hierarchical porous Au particles. Interfacial oil droplets are generally formed via anchoring small oil droplets at solid-liquid interfaces[@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25]. Previously, the interfacial NDs were mainly studied on macroscopic planar solid substrates to investigate their formation, evolution and influence on interfacial properties. Little attention has been paid to the study of interfacial NDs at particle surfaces. The potential application of NDs is hardly explored. Herein, we introduce the interfacial NDs to the hard template particle surfaces in a galvanic reaction system to assist the construction of 3D porous Au structure. Galvanic reactions between and solid Ag, Cu and Cu~2~O particles which serve both as reactants and self-sacrificed hard templates, are generally used to prepare Au hollow structures[@b26][@b27][@b28][@b29]. However, this strategy is not effective for porous Au synthesis. We found that via simply introducing interfacial NDs onto the surfaces of the self-sacrificed template particles during the galvanic reaction, hierarchical porous Au particles were successfully produced. The interfacial NDs played a key role in the construction of porous structures.

Results
=======

Formation of porous Au particles
--------------------------------

Cu~2~O octahedral particles with an average edge length of \~3.25 μm (See [supplementary Fig. S1a](#s1){ref-type="supplementary-material"}) were utilized as sacrificed hard templates since the synthesis of Cu~2~O is facile and relatively cost-effective[@b30][@b31]. Cu~2~O octahedral particles were first immersed in water, followed by the addition of HAuCl~4~ solution to trigger the galvanic reaction between Cu~2~O and : After galvanic reaction, Au nanoparticles were formed and deposited on the surfaces of Cu~2~O particles. [Fig. S1b](#s1){ref-type="supplementary-material"} depicts the obtained particles via direct galvanic reaction between Cu~2~O and , from which Au nanoparticles coated Cu~2~O particles are presented. No obvious pores are observed except the inter-particle spaces. However, if the Cu~2~O particles were immersed in a surfactant free oil-in-water emulsion solution instead of pure water, while kept other experimental conditions constant, significant structure discrepancy of the obtained particles was realized. As shown in [Fig. 1](#f1){ref-type="fig"} and [Fig. S2](#s1){ref-type="supplementary-material"}, porous particles were produced. The octahedral shape of the obtained porous particle indicates that the shape of template particles (Cu~2~O octahedra) is successfully transcribed. The average edge length of octahedral porous particles is measured to be about 3.4 μm, which is about 150 nm larger than that of template octahedral particles. Energy dispersive X-ray (EDX) spectrum ([Fig. 1e](#f1){ref-type="fig"}) and X-ray diffraction (XRD) pattern ([Fig. 1f](#f1){ref-type="fig"}) of the porous particles only detect the crystalline Au. The absence of Cu~2~O signal indicates that the hard template particles were consumed during the reaction. All the data confirm the formation of porous Au particles via the galvanic reaction in the presence of emulsion droplets. Interestingly, a close view of the particle surface ([Fig. 1d](#f1){ref-type="fig"} and [Fig. S2a](#s1){ref-type="supplementary-material"}) clearly demonstrates a 3D porous network, but not only a porous shell. [Fig. 1b](#f1){ref-type="fig"} and S2b depict the cracked Au porous particles, from which the 3D porous structure is clearly illustrated. The cracked porous particles produce small porous pieces coexisting with the octahedral Au porous particles. [Fig. 1d](#f1){ref-type="fig"} and [Fig. S2a](#s1){ref-type="supplementary-material"} show a hierarchical pore size distribution, from which one can see that the outer pores (300 \~ 650 nm) are larger than the inner pores (50 \~ 140 nm).

Discussion
==========

Formation mechanism of 3D porous structure
------------------------------------------

The structural difference between the products obtained via direct galvanic reaction and emulsion presented galvanic reaction indicated that the porous structure was induced by emulsion droplets. To shed light on the function of emulsion droplets and the mechanism in the construction of 3D hierarchical porous structure, time-dependent evolution of the products during the galvanic reaction in the presence of emulsion droplets was monitored. As shown in [Figure S1a](#s1){ref-type="supplementary-material"}, primary template Cu~2~O octahedral particles are with smooth surfaces. After immersing these Cu~2~O particles in oil-in-water emulsion solution with droplet size of about 145.7 nm ([Fig. S3](#s1){ref-type="supplementary-material"}), HAuCl~4~ was added into the solution to initiate the galvanic reaction. It is found that 10 min galvanic reaction between Cu~2~O and gave rise to a porous Au layer formed on the surfaces of Cu~2~O particles ([Fig. 2a](#f2){ref-type="fig"}). The sizes of pores range from 50 nm to 240 nm. These pores were formed due to the template effect of interfacial NDs. The emulsion droplets could spontaneously adsorb onto the surfaces of Cu~2~O particles to form the interfacial NDs[@b25], which discretely distributed on the particle surfaces ([Fig. 3a](#f3){ref-type="fig"}). This direct adsorption method has been successfully applied to produce the interfacial NDs at 2D solid substrates[@b20][@b24]. Herein we adopted this concept to particle surfaces. Once the interfacial NDs formed, the NDs capped domains on Cu~2~O particle surfaces were protected from galvanic reaction because the reactant ions can\'t penetrate the interfacial NDs composed of oil. Therefore the NDs covered Cu~2~O surfaces were reserved after galvanic reaction. However, the uncapped domains were exposed for galvanic reaction and consequent Au deposition. Thus Au nanoparticles selectively grew at the uncapped domains, forming the first porous Au layer at the surfaces of Cu~2~O particles ([Fig. 2a](#f2){ref-type="fig"} and [Fig. 3b](#f3){ref-type="fig"}). After the formation of first porous Au layer, the emulsion droplets subsequently adsorbed onto the as-formed Au layer to form new interfacial NDs thereof ([Fig. 3c](#f3){ref-type="fig"}). These newly formed NDs also served as the templates for the deposition of second porous Au layer on top of the first porous Au layer ([Fig. 3d](#f3){ref-type="fig"}). As show in [Fig. 2b](#f2){ref-type="fig"}, when the reaction time was prolonged to 1 h, the trace of the second porous Au layer was observed. The arrowed parts in [Fig. 2b](#f2){ref-type="fig"} clearly show some larger Au pores formed on the top of the first porous Au layer. The outward growth of second Au layer on the top of first Au layer was caused by Kirkendall effect and Fick\'s diffusion[@b32][@b33][@b34][@b35], which has been widely applied in solid-liquid reaction to produce hollow structures. During this process, with the proceeding of galvanic reaction, newly generated Au nuclei or clusters diffused outward due to concentration gradient, and finally deposited at the surface of the first porous Au layer in the presence of interfacial NDs. Thus form the second Au porous layer ([Fig. 2b](#f2){ref-type="fig"}). Further prolonging the reaction time (6 h) led to a distinguishable second porous Au layer as shown in [Fig. 2c](#f2){ref-type="fig"}. The continuous growth of Au gave rise to a 3D porous framework ([Fig. 2d](#f2){ref-type="fig"} and [Fig. 1a--d](#f1){ref-type="fig"}).

Hierarchical pore size distribution
-----------------------------------

Interestingly, it is noticed that the pores in second porous Au layer ([Fig. 2b,c](#f2){ref-type="fig"}) are much larger than that in the first porous Au layer ([Fig. 2a](#f2){ref-type="fig"}), which agrees well with pore size distribution observed in 24 h products ([Fig. 1d](#f1){ref-type="fig"}). The remarkable size discrepancy between the pores in the first and second Au layers is due to the different footprint sizes of the interfacial NDs (templates) at Cu~2~O and Au surfaces ([Fig. 4](#f4){ref-type="fig"}). The contact angle of an oil droplet at solid surface under water can be estimated according to the Young\'s equation for the contact angle of a liquid-liquid-solid three-phase system[@b36]: Where *γ~OA~*, *γ~WA~*, and *γ~OW~* are surface tensions of the oil/air, water/air, and oil/water interfaces, respectively. *θ~OW~*, *θ~O~*, and *θ~W~* are the contact angles of oil in water, oil in air and water in air. According to this equation, a solid surface which is hydrophobic in air (large *θ~W~*, and small value of *cosθ~W~*) is oleophilic under water, i.e. the oil droplets have smaller contact angle *θ~OW~* at hydrophobic solid surface than that at hydrophilic surface under water[@b37]. Assuming there is no volume lost after the adsorption of emulsion droplets onto particle surfaces to form interfacial NDs, the smaller contact angle of NDs at hydrophobic surfaces renders a larger footprint and vice versa ([Fig. 4](#f4){ref-type="fig"}). Therefore interfacial NDs at hydrophobic surfaces could serve as templates for larger pores, while NDs at hydrophilic surfaces produce smaller pores. Herein, the as-formed Au surface is relatively hydrophobic because the absence of surfactant, while the surface of Cu~2~O is relatively hydrophilic due to the termination of metal-OH bond ([Fig. S4](#s1){ref-type="supplementary-material"}). Therefore, according to [equation (2)](#m2){ref-type="disp-formula"}, the interfacial NDs spread well on the Au surfaces, occupying and protecting more surface area ([Fig. 4](#f4){ref-type="fig"}). As a result, larger pore sizes were produced in the second porous Au layer.

Synthesis of bimetallic porous particles
----------------------------------------

This strategy could be extended to synthesize Au-Pt, and Au-Pd bimetal particles with 3D porous structure, via simply adding a certain amount of H~2~PtCl~6~ and H~2~PbCl~4~ solution into the reaction system. [Fig. 5a,b](#f5){ref-type="fig"} are typical SEM images of the Au-Pt porous particles obtained after 24 h galvanic reaction, from which one can see the similar 3D hierarchical porous structures. The outer layer pores are much larger than the inner ones. The EDX spectrum ([Fig. S5a](#s1){ref-type="supplementary-material"}) confirms the co-existence of Au and Pt elements in the 3D porous particles. SEM images of Au-Pd particles are shown in [Fig. 5c,d](#f5){ref-type="fig"}, confirming the formation of porous structure. The corresponding EDX spectrum of Au-Pd porous particles is shown in [Fig. S5b](#s1){ref-type="supplementary-material"}, both the elements of Au and Pd are detected.

Catalytic performance of the porous particles
---------------------------------------------

The hierarchical porous structure, especially when the outer layer pores are large and inner layer pores are small, is believed to be favourable for the catalytic application since large pores can increase the diffusion efficiency while the small pores increase the surface area. To testify the catalytic activity of Au, Au-Pt and Au-Pd porous particles, liquid-phase reduction of 4-nitrophenol (4-NP) by NaBH~4~, which is a model reaction to evaluate the performance of Au catalyst was conducted[@b38][@b39][@b40][@b41][@b42][@b43][@b44][@b45][@b46][@b47][@b48]. Adding NaBH~4~ into 4-NP solution will produce 4-nitrophenolate with an adsorption peak at 400 nm (yellow colour). Without adding catalyst, the adsorption didn\'t change, implying the reduction can\'t proceed without catalysts. When a trace amount (\~0.5 mg) of porous Au particles was added to the solution, the yellow colour rapidly faded within 2 min at 298 K ([Fig. 6a, b](#f6){ref-type="fig"}). Because the exceedingly fast reduction, we can only capture the UV-vis spectra for the initial solution and the final solution ([Fig. 6a](#f6){ref-type="fig"}). An isosbestic point at 313 nm is observed, which is same as the reported data[@b39][@b40][@b41][@b42][@b43][@b44], indicating that the catalytic reaction only produces 4-aminophenol (4-AP) without any byproduct. The process of the catalytic reaction was also recorded by the video (See [supplementary Video 1](#s1){ref-type="supplementary-material"}), from which one can clearly see that the whole process of catalytic reduction of 4-NP finished within 2 min. Because of the large excess of reductant NaBH~4~ (*C*(NaBH~4~)/*C*(4-NP) = 400:1), the reaction should be considered as a pseudo-first-order reaction with regards to 4-NP only. The linear relationships between ln(C~t~/C~0~) against reaction time are used to calculate the rate constant (*k~a~*). Porous Au particles show very high *k~a~* value of about 0.75 min^−1^ at 298 K. The catalytic activity of Au-Pt was also investigated via the same catalytic reaction. It is found that the Au-Pt possessed even higher catalytic activity than that of porous Au particles. With same amount of catalyst, the reduction of 4-NP finished within 20 s ([Fig. 6c](#f6){ref-type="fig"}). The *k~a~* value reaches \~3.3 min^−1^ at 298 K. The video ([supplementary Video 2](#s1){ref-type="supplementary-material"}) records the process of the unprecedented fast catalytic reduction of 4-NP. The Au-Pd alloy porous particles showed even higher catalytic activity than Au, and Au-Pt particles. The catalytic reduction finished within 12 s ([Fig. 6d](#f6){ref-type="fig"}, [supplementary Video 3](#s1){ref-type="supplementary-material"}), the corresponding *k~a~* value is higher than 4 min^−1^ at 298 K, which is much higher compared to the data reported in the literatures. In addition, the activation energy (*E~a~*) of the reaction was calculated based on the Arrhenius equation: where *A* is a constant of the Arrhenius factor, *K~a~* is the rate constant, *T* (in Kelvin) is reaction temperature, R is the universal gas constant. The catalytic reduction of 4-NP was conducted at three different temperatures 292, 298, and 302 K with porous Au, Au-Pt and Au-Pd particles as catalysts. The obtained reaction rate constant *k~a~* is listed in [Table S1](#s1){ref-type="supplementary-material"}. The plots of ln *k~a~* versus 1000/*T* show linear curves for 4-NP reduction with porous Au, Au-Pt, Au-Pd particles as catalysts ([Fig. 7](#f7){ref-type="fig"}). From the slope, the apparent activation energy was calculated to be about 34 KJmol^−1^ for porous Au, 30 KJmol^−1^ for porous Au-Pt and 28 KJmol^−1^ for porous Au-Pd respectively. These values are comparable to that reported for nano-sized Au particles[@b43][@b44][@b45][@b46][@b47][@b48], for instance the Au nanoboexes (44 KJmol^−1^) and nanocages (28 KJmol^−1^)[@b42], Au nanoparticles immobilized on anion-exchange resin (31 KJmol^−1^)[@b44], Au nanoparticles deposited on poly(methyl methacrylate) particles (38 KJmol^−1^)[@b45], Au nanodrods stabilized by CTAB (38 KJmol^−1^)[@b46], and Au nanoparticles immobilized on spherical polyelectrolyte brushes (43 KJmol^−1^)[@b48] etc. The outstanding catalytic activity of Au, Au-Pt and Au-Pd porous particles should be attributed to their special porous structures. These 3D hierarchical porous Au, Au-Pt, ad Au-Pd particles are promising catalysts.

In summary, we successfully introduced the interfacial NDs onto the particle surfaces in the galvanic reaction system to construct hierarchical porous Au particles. The synthetic process is facile and cost-effective, and is extendable for the synthesis of Au-Pt, and Au-Pd porous particles. During the galvanic reaction and deposition of porous Au layers, the emulsion droplets continuously adsorbed to the as-formed porous Au surfaces to subsequently serve as templates for the formation of new porous Au layers, leading to the 3D porous structure. The variation of footprint sizes of the NDs at Cu~2~O and Au surfaces during synthesis caused the hierarchical pore size distribution of the porous particles. The obtained porous Au, Au-Pt, and Au-Pd particles show excellent catalytic activity for catalytic reduction of 4-NP to 4-AP. It is expected that the interfacial NDs involved synthetic strategy could be adapted for other porous materials via solid-liquid reactions, which is focus of our ensuing work.

Methods
=======

Materials
---------

Hydrogen tetrachloroaurate hydrate (99.9%, metal basis) was purchased from Alfa Aesar. Chloroplatinic acid hydrate (H~2~PtCl~6~), Pdlladium (II) chloride (PdCl~2~), Copper acetate hydration (Cu(CH~3~COO)~2~·H~2~O), glucose, hexadecane, acetone, Dopamine hydrochloride, 4-Nitrophenol (4-NP), Sodium borohydrate (NaBH~4~), ammonia 30% solution, HCl and NaOH were purchased from Sigma-Aldrich and used without purification. Milli-Q water used has a resistance of \~18.2 MΩ cm^−1^.

Preparation of Cu~2~O octahedra
-------------------------------

A copper acetate aqueous solution (5 mL, 0.3 M) was prepared in a glass vial. 3 mL of 3 M NaOH was added dropwise under vigorous stirring. The blue precipitate of Cu(OH)~2~ was formed quickly. After continuously stirring for 15 min, 0.06 g glucose was added. The mixture was then stirred for another 5 min before heating in a water bath at 70°C. After 5 min incubation, the brick red product of Cu~2~O was collected and washed by Milli-Q water and ethanol several times. The obtained Cu~2~O particles were dispersed in 2 ml of ethanol. 10 μL of Cu~2~O ethanol suspension was then deposited on a silicon wafer (Cu~2~O-Si wafer) and dried for further experiments.

Preparation of hexadecane-in-water emulsion
-------------------------------------------

The surfactant free hexadecane-in-water emulsion was prepared by solvent shifting method[@b49][@b50]. A trace of hexadecane was added to acetone at a volume fraction of 0.1%. The required emulsion was synthesized by injecting the acetone solution into large volume (X 20) of Milli-Q water quickly.

Preparation of porous Au, Au-Pt and Au-Pd particles
---------------------------------------------------

Porous Au particles: A Cu~2~O-Si wafer was immersed into 20 mL of hexadecane-in-water emulsion for 20 min for emulsion droplets adsorption. Then, 2 mL of 2.9 mM HAuCl~4~ was added dropwise to the solution. The reaction was incubated for 10 min, 30 min, 6 h, 12 h, and 24 h separately. Then the wafer was taken out from the reaction solution and washed by water and ethanol.

Porous Au-Pt and Au-Pd particles: A Cu~2~O-Si wafer was immersed into 20 mL of hexadecane-in-water emulsion for 20 min. 1.7 mL of 2.9 mM HAuCl~4~ was added dropwise to that emulsion. The reaction was incubated for 1 hour. Then 0.3 mL of 2 mM H~2~PtCl~6~ or 0.6 mL of 1 mM H~2~PdCl~4~ was added. The reaction was incubated for another 23 hours. And finally, the wafer was washed by water and ethanol several times for characterizations.

Before conducting the catalytic reaction, the possible residual of template particles (Cu~2~O) was dissolved via immersing the sample-wafer in 15% ammonia aqueous solution for 24 h. As mentioned in the manuscript, we noticed that the porous Au, Au-Pt and Au-Pd particles are hydrophobic. They aggregated heavily during wash and centrifugation. Therefore, before peeling of the porous particles from Si water, the sample-Si wafer was placed in dopamine solution (0.5 mg/ml) for 5--10 min for the ligand adsorption. The catechol group of dopamine has strong metal-binding ability[@b51], which guarantees the colloidal stability of the porous metal particles (catalysts). After the Cu~2~O removing, the porous metal particles were washed by water several times. They were dispersible in water and used as catalysts.

Catalytic reduction of 4-nitrophenol
------------------------------------

The catalytic reduction of 4-NP was executed in a quartz cuvette and monitored by UV-vis spectroscopy and video. In a typical procedure, 0.1 mL of 5 mM 4-NP solution was prepared and mixed with 1 mL of fresh 0.2 M NaBH~4~. 1 ml of catalysts solution (0.5 mg/ml) was pipetted into the cuvette containing above solution. Then the reduction of 4-NP was recorded by UV-vis spectroscopy. For the curve of reaction time t = 0, it was measured by replacing 1 ml of catalysts solution with 1 ml of Milli-Q water. The process of the catalytic reductions was also recorded by video.

Characterizations
-----------------

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectrum (EDX) were conducted with FEI Quanta 450 operated at 10--20 kV. The powder X-ray diffraction (XRD) analysis was performed with a ScintagARL X\'tra diffractometer. Size distribution of hexadecane-in-water emulsion droplets was measured on Malvern zetasizer nano ZS. UV-vis adsorption spectra were recorded with Shimadzu UV-2600 UV-Vis spectrophotometer. Contact angles were determined by a video-based DataPhysics, OCAH 200.
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![Porous Au characterization.\
(a--d) SEM images (e) EDX spectrum and (f) XRD pattern of the porous Au particles obtained via galvanic reaction in the presence of emulsions (reaction time is 24 h).](srep04849-f1){#f1}

![Time-dependent evolution of the products.\
SEM images of the particle surfaces obtained at different galvanic reaction time (a) 10 min, a porous Au particle layer formed at the surface of Cu~2~O, (b) 1 h, trace of second porous layer formed on the top of the first porous Au layer, (c) 6 h, clear second porous layer formed, (d) 12 h, 3D porous Au structure formed.](srep04849-f2){#f2}

![Process of construction of 3D porous Au.\
(a) Formation of interfacial NDs at the surface of Cu~2~O particle via direct adsorption of emulsions, (b) Formation of first porous Au layer via galvanic reaction between Cu~2~O and HAuCl~4~ in the presence of interfacial NDs, (c) Formation of new interfacial NDs at the as-formed Au porous layer surface via continuous adsorption of emulsions, (d) formation of second porous Au layer on the top of the first Au layer via galvanic reaction in the presence of interfacial NDs. This process continued until the formation of 3D porous structure. (Side view of a part of particle surface).](srep04849-f3){#f3}

![Footprint sizes of interfacial NDs at different solid surfaces under water.\
When an emulsion droplet adsorbs onto the relatively hydrophilic Cu~2~O particle surface and relatively hydrophobic Au surface separately via direct adsorption of emulsion droplet, the formed interfacial NDs have the same volume (V~2~ = V~3~ = V~1~). The ND has relatively larger contact angle at Cu~2~O surface than that at Au surface. The diameter of the footprint of NDs at Cu~2~O surface (d~1~) is smaller than that at Au surface (d~2~).](srep04849-f4){#f4}

![Bimetal porous particles.\
SEM images of (a) and (b) Au-Pt porous particles, (c) and (d) Au-Pd porous particles synthesized via galvanic reaction in the presence of interfacial NDs.](srep04849-f5){#f5}

![Catalytic performances.\
(a) Time-dependent UV-vis spectra of the reaction solution catalysed by porous Au particles. Photographs of the reaction solution catalysed by (b) porous Au, (c) porous Au-Pt, and (d) porous Au-Pd particles.](srep04849-f6){#f6}

![Activation energy.\
Arrhenius plots of the rate constant (*K~a~*) versus time (1000/T) for 4-NP reduction at different temperature catalyzed by (a) porous Au, (b) porous Au-Pt and (c) porous Au-Pd particles.](srep04849-f7){#f7}
